Introduction {#sec1-1}
============

Children with cerebral palsy exhibit numerous dysfunctions, including mental retardation, epilepsy, behavioral disorders, disturbances in sensation and perception, and language deficits--all of which represent a serious threat to the child\'s health and development (Liu et al., 2012; Wang et al., 2012). Great progress has recently been made for the treatment and management of cerebral palsy. However, this treatment only provides symptomatic relief. Therefore, cerebral palsy still remains a very important topic in pediatric neurodevelopmental research (Novak et al., 2012).

Neural stem cells (NSCs) isolated from embryonic rodents, adult rodents, and human embryonic brain tissue have a strong ability for self-renewal and proliferation and the potential to differentiate into various cell types. NSCs in brain tissue contribute to the repair of neuronal function (Okano et al., 2002; Kim et al., 2007). However, because they are low in number and have a limited distribution range in the brain, developing NSCs exhibit a limited capacity for repairing neural damage (Li et al., 2010). NSCs are considered to be a delivery vehicle for gene therapy for diseases of the central nervous system (Liang et al., 2012; Zhang et al., 2012). Using transgenic technology, exogenous therapeutic genes are introduced into NSCs (Park et al., 2002), which are transplanted into the damaged region of the brain to replace apoptotic and necrotic neuronal cells (Zhang et al., 2009). These cells then express the exogenous therapeutic target gene for a prolonged period, combine the benefits of stem cell transplantation with gene therapy, and thereby have a broad application potential (Liu et al., 2010).

Vascular endothelial growth factor (VEGF)-mediated effects on vascular endothelial cells include accelerated proliferation and migration of these cells, the formation of new blood vessels, and an increase in vascular permeability (Zhang et al., 2000). Preliminary experiments of our group have confirmed that adenoviral vector-mediated transduction of VEGF~165~ improves neural functional recovery after hypoxic-ischemic brain damage in neonatal rats (Zheng et al., 2010a, b). However, other studies have demonstrated that transplantation of VEGF-transfected NSCs can be used to treat cerebral ischemia in adult rats. NSCs have been found to migrate to the host brain tissue and express VEGF gene products. This transplantation therapy has a protective effect on local blood vessels and neurons (Wang et al., 2007; Pimentel-Coelho et al., 2010). Our group has previously constructed a recombinant lentivirus vector containing the VEGF~165~ gene, pGC-FU-VEGF~165~, which transfects cultured NSCs and can be transplanted into the brain (Zhang et al., 2011). In the present study, we examined the neuroprotective effect of the transplantation of VEGF-transfected NSCs in neonatal rats with cerebral palsy to enable the development of a new treatment strategy for cerebral palsy.

Materials and Methods {#sec1-2}
=====================

Rat embryonic NSC culture and identification {#sec2-1}
--------------------------------------------

Pregnant (gestation days 14--16) Sprague-Dawley rats (weighing 256 g) were provided by the Department of Animal Experiments in Xiangya Hospital of Central South University, China (license No. SCXK (Xiang) 2010-0002). The embryos were removed under sterile conditions and cells were dissociated with trypsin (0.25% trypsin and 0.02% ethylene diamine tetraacetic acid) for 10 minutes. Samples were then filtered and centrifuged at 1,000 r/min for 5 minutes to collect cells. The supernatant was removed and cells were then incubated in NSC-conditioned medium (DMEM/F12, basic fibroblast growth factor 20 ng/mL, epidermal cell growth factor 20 ng/mL, B27 1:50, insulin 100 ng/mL, heparin 5 μg/mL, glutamine 2.5 mmol/L), at 37°C in an atmosphere of 5% CO~2~. NSCs were harvested after primary culture and examined for the NSC marker, nestin, using immunofluorescence. As previously shown (Liu et al., 2009), these cells and the clones derived from them both expressed nestin, thus confirming these cells as NSCs (data not shown).

Construction of pGC-FU-VEGF~165~ and transfection into NSCs {#sec2-2}
-----------------------------------------------------------

The recombinant lentiviral vector, pGC-FU-VEGF~165~, containing VEGF~165~ (Wuhan Boster Biological Technology Co., Ltd., Wuhan, Hubei Province, China), was constructed in our laboratory and used to transfect NSCs. Briefly, primers were designed using the human VEGF~165~ gene sequence (AF486837) from GenBank (<http://www.ncbi.nlm.nih.gov/genbank>). The target gene was amplified using polymerase chain reaction (PCR) and cloned into the lentiviral vector, pGC-FU, to produce pGC-FU-VEGF carrying VEGF~165~ with green fluorescent protein as a marker. NSCs were transfected with pGC-FU-VEGF~165~, and green fluorescence was observed under a fluorescence microscope (Olympus, Tokyo, Japan). Reverse transcription PCR and sequencing confirmed that the target gene was correctly cloned into the lentiviral vector. NSCs transfected with recombinant lentivirus exhibited green fluorescence.

Animals and treatments {#sec2-3}
----------------------

Male and female Sprague-Dawley rats (*n* = 150; 7 days old; 12--15 g) were randomly divided into five groups (*n* = 30/group) as follows: (1) sham operation (control group), (2) cerebral palsy model with or without (3) phosphate-buffered saline (PBS) transplantation, (4) VEGF-NSCs transplantation (VEGF + NSCs), and (5) NSCs transplantation alone (NSCs). Sham-operated rats only underwent a left common carotid artery isolation without ligation or hypoxia. All transplantations were performed 3 days after the cerebral palsy model was established.

Cerebral palsy model establishment {#sec2-4}
----------------------------------

A unilateral occlusion of carotid artery, followed by exposure to hypoxia, is an accepted cerebral palsy animal model, named the Rice-way model (Walter et al., 2000). Establishment of this model is performed on 7-day-old rats because at this age, the surge in brain growth in the rat is comparable to that occurring in newborn humans (Walter et al., 2000; Kim et al., 2007). To eliminate pain and suffering, the 7-day-old rats were exposed to ether inhalation-mediated anesthesia, then placed in a supine position. A median neck incision was made and the left common carotid artery was ligated. The skin incision was then sutured. Rats were then returned to the cages containing their mothers for 2 hours and then placed in a 1 L plexiglass hypoxia chamber at 37°C. A nitrogen-oxygen mixture of 8.0 ± 0.1% oxygen was injected into the chamber at 1.0--2.0 L/min for 2 hours. The rats were then returned to their cages and fed by their mothers. Rats used for behavioral tests were weaned at 21 days and fed in separate cages according to their gender.

Intracerebral transplantation {#sec2-5}
-----------------------------

Rats were fixed onto a stereotaxic apparatus. The transplantation site was located on the left sensorimotor cortex (coordinates AP: −0.3 mm, ML: −2 mm, DV: −1.5 mm \[corresponding to 0.3 mm posterior to the bregma, 2 mm lateral to the bregma, and at a depth of 1.5 mm, respectively\]) (Zheng et al., 2010a, b). Aliquots (2 μL) were injected using a perpendicular microsyringe (Bi-sen Electrical and Mechanical Equipment Engineering, Shanghai, China).

PBS, VEGF + NSCs and NSCs groups received a stereotaxic injection of 2 μL PBS buffer, NSCs transfected with recombinant lentivirus vector containing VEGF~165~ (lentivirus MOI = 50 TU/cell, 5 × 10^4^ NSCs/μL), and normal NSCs (5 × 10^4^ cells/μL) (Zhang et al., 2011, 2012), respectively, into the left sensorimotor cortex 3 days after the cerebral palsy model was established.

The injection process took more than 5 minutes, and the needle was kept for 5 minutes after the injection, then gradually pulled out over 5 minutes. The scalp was sutured and rats were returned to their cages after warming and awakening. Neurobehavioral tests were performed in a double blind manner after treatment.

Immunohistochemistry for VEGF using diaminobenzidine {#sec2-6}
----------------------------------------------------

Immunohistochemical detection was performed 7 days after transplantation. Rats were anesthetized with chloral hydrate, perfused with 4% paraformaldehyde and fixed. After decapitation, the left brain tissue was paraffin embedded and cut (coronal serial sections of 3 μm) from the bregma to 3 mm posterior to the bregma. Immunostaining was performed according to the VEGF immunohistochemistry kit instructions (Beijing Zhongshan Golden Bridge Biotechnology, Beijing, China). Slices were incubated with rabbit anti-mouse VEGF polyclonal antibody (1:100) or rabbit anti-mouse CD34 polyclonal antibody (1:50) at 4°C overnight. Biotin-labeled goat anti-rabbit antibody was then added and sections were incubated at 37°C for 15 minutes, followed by horseradish peroxidase-labeled streptavidin at 37°C for 15 minutes. Slices were rinsed three times with 0.01 mol/L PBS for 5 minutes. Immunoreactivity was detected with diaminobenzidine (Wuhan Boster Biological), then sections were counter-stained with hematoxylin-eosin and mounted with gum. Negative controls were incubated with 0.01 mol/L PBS, instead of primary antibody. VEGF-positive cells were counted from five fields of each slice (*n* = 2) under a fluorescence microscope (Leica, Solms, Germany). Overall, the mean number of positive cells for each group was obtained from a total of ten fields per rat from each group.

Radial arm water maze test {#sec2-7}
--------------------------

This test was performed on 30-day-old rats to assess their ability to observe, study, and memorize the environment. The eight-arm radial maze consisted of a central platform (30 cm in diameter) from which eight arms extended symmetrically (50 cm long and 12 cm wide).

A well was present at the outer end of each arm. Animals were deprived of water for 48 hours before testing. At the end of each daily session, the animals were allowed to drink for 30 minutes, and were then put back into their home cages. Before spatial discrimination testing, animals were allowed to freely explore the maze with all arms containing water-filled wells (baited) (50 μL per well) on 2 consecutive days before test days. For spatial discrimination testing, wells in only three arms were baited, and the sequence of angles between them was 135°, 90° and 135°.

Rats were tested for acquisition over three daily sessions consisting of five trials separated by 1-minute intervals. Each trial began with the placement of the animal on the central platform, facing arm 3, and ended when the rat had visited the three baited arms. The following data were recorded: (1) the time taken to visit the three baited arms, (2) the number of working memory errors (the re-entries into previously visited baited arms), and (3) the number of reference memory errors (the each entry into a non-baited arm).

Holding test {#sec2-8}
------------

The holding test was used to evaluate rat sensorimotor function. The rat\'s forepaws grasped a hollow plastic tube (0.6 cm in diameter) placed horizontally and hung 45 cm above a desk. The time spent suspended (maximum 60 seconds) was recorded. A time greater than 60 seconds was recorded as 60 seconds.

Hematoxylin-eosin staining {#sec2-9}
--------------------------

Hematoxylin-eosin staining was performed on 35-day-old rats after the completion of the behavioral tests. Rats were deeply anesthetized with 10% chloral hydrate (600 mg/kg), the heart was exposed after thoracotomy, and a needle attached to a 20 mL syringe was inserted into the left ventricle. The right atrium was cut and sterile saline was injected until the perfusate cleared. The animal was then perfused with 50 mL of 4% paraformaldehyde in 0.1 mol/L PBS and the brain removed and immediately stored in the same solution. After 72 hours of fixation, the tissue was dehydrated, cleared, paraffin embedded, and cut into continuous coronal slices (at a thickness of 5 μm), 3 mm posterior to the bregma. The sections were transferred onto pre-treated glass slides, dewaxed, and morphological changes in the brain were examined with hematoxylin-eosin staining.

Statistical analysis {#sec2-10}
--------------------

All data are expressed as the mean ± SD and were analyzed by one-way analysis of variance followed by the Student-Newman-Keuls *post hoc* test. Significance was reached at values of *P* \< 0.05. Statistical analysis was performed using SPSS 17.0 software (SPSS, Chicago, IL, USA).

Results {#sec1-3}
=======

Effect of VEGF~165~-transfected NSC transplantation on VEGF labeling and number of VEGF-positive cells in cerebral cortex of cerebral palsy rats {#sec2-11}
------------------------------------------------------------------------------------------------------------------------------------------------

Immunoreactivity for VEGF in the cerebral cortex was very low in the control group but notably higher in the cerebral palsy group (**[Table 1](#T1){ref-type="table"}, [Figure 1](#F1){ref-type="fig"}**), suggesting that hypoxia and ischemia increased VEGF expression. Quantification analysis of the number of VEGF-positive cells in the cerebral cortex revealed that the number of VEGF-positive cells did not differ between both cerebral palsy and PBS groups but significantly (*P* \< 0.05) increased in both VEGF + NSCs and NSCs groups compared with the cerebral palsy or PBS groups. This finding indicates that transplantation of either NSCs alone or VEGF-transfected NSCs increases the amount of VEGF in the cortex. Furthermore, the number of VEGF-positive cells in the VEGF + NSCs group was significantly (*P* \< 0.05) higher com-pared with the NSCs alone group, suggesting that in neonatal rats with cerebral palsy, VEGF levels are enhanced when these rats are transplanted with VEGF-transfected NSCs compared with the transplantation of NSCs alone.

###### 

Effect of VEGF165-transfected NSC transplantation on the number of VEGF-positive cells (*n*/400-fold field of view) in 7-day-old cerebral palsy rats

![](NRR-9-1763-g001)

![Photomicrographs showing increased VEGF immunohistochemical staining in the VEGF + NSCs group.\
Immunohistochemistry for VEGF using diaminobenzidine in cerebral cortex neurons of cerebral palsy neonatal rats 7 days after transplantation of control (A, sham operation), cerebral palsy (B), phosphate-buffered saline (C), VEGF~165~-transfected neural stem cells (D), or NSCs alone (E). VEGF-positive cells are shown with arrows. Scale bars: 100 μm. VEGF: Vascular endothelial growth factor; NSCs: neural stem cells.](NRR-9-1763-g002){#F1}

Effect of VEGF~165~-transfected NSC transplantation on learning and memory in cerebral palsy rats {#sec2-12}
-------------------------------------------------------------------------------------------------

In the radial arm test (**[Table 2](#T2){ref-type="table"}**), significant (*P* \< 0.05) differences were found between the control group and the remaining four groups.

###### 

Effect of VEGF165-transfected NSC transplantation on learning and memory in 30-day-old cerebral palsy rats

![](NRR-9-1763-g003)

The cerebral palsy group and PBS group had similar times for searching in the water. The searching times in both VEGF + NSCs and NSCs groups were significantly (*P* \< 0.05) shortened compared with both the cerebral palsy and PBS groups. However, animals in the NSCs group had markedly (*P* \< 0.05) longer searching times in the water compared with the VEGF + NSCs group.

The average number of mistakes (**[Table 2](#T2){ref-type="table"}**) was similar between the cerebral palsy and PBS groups. The average number of mistakes were found to be significantly (*P* \< 0.05) different between the remaining groups with mistakes found in the following groups (from fewer to greater): VEGF + NSCs group \< NSCs group \< PBS group. The average number of repetitions (**[Table 2](#T2){ref-type="table"}**) in the VEGF + NSCs group was not significantly different from that of the control group.

However, significant (*P* \< 0.05) differences were found between the control group and the other four groups. No significant difference was detected between the cerebral palsy group and PBS group. The average number of repetitions was markedly (*P* \< 0.05) lower in both VEGF + NSCs and NSCs groups compared with both cerebral palsy and PBS groups.

No significant difference was found between the VEGF + NSCs group and control group. The average number of repetitions in both cerebral palsy and PBS groups was significantly (*P* \< 0.05) higher compared with both VEGF+ NSCs and control groups.

The holding times (**[Table 2](#T2){ref-type="table"}**) were significantly (*P* \< 0.05) different between the control group and the other groups, except for the NSCs group. The holding times in both VEGF + NSCs and NSCs groups were significantly (*P* \< 0.05) longer compared with both cerebral palsy and PBS groups. No significant difference was detected between the cerebral palsy group and PBS group, and between the VEGF + NSCs group and control group.

Effect of VEGF~165~-transfected NSC transplantation on cortical cells in cerebral palsy rats {#sec2-13}
--------------------------------------------------------------------------------------------

Cortical cells in the control group were neatly arranged and at a high density (**[Figure 2](#F2){ref-type="fig"}**). Their intense staining revealed a normal and clear morphology and structure. In contrast, cells of both cerebral palsy and PBS groups were arranged in a disorderly manner and were less prominent. Furthermore, the cells showed signs of degeneration, necrosis, and local cystic degeneration. We also observed karyopyknosis, structural areas of cell bodies that were unclear or not visible, and cells with a gap-like cavity. This damage was typical of animal models of ischemia-hypoxia-mediated cerebral palsy. In both VEGF + NSCs and NSCs groups, degenerated or necrotic cells were not as abundant, and most cells exhibited a relatively normal cell structure with a clear morphology. Furthermore, cells were more prominent and karyopyknosis was not predominantly visible in these groups compared with both cerebral palsy and PBS groups.

![Effect of VEGF~165~-transfected NSC transplantation on cortical cell morphology in 35-day-old cerebral palsy rats (hematoxylin-eosin staining).\
In the CON group (A), cells were neatly arranged. In both CP and PBS groups (B, C), cells were less prominent. In both VEGF + NSCs and NSCs groups (D, E), degenerated or necrotic cells were less prominent. Cells in both groups (D, E) mainly exhibited a clear morphology and were more prominent compared with both the CP and PBS groups. Arrows represent NSCs. Scale bars: 25 μm. CON: Control (sham operation); CP: cerebral palsy; PBS: phosphate-buffered saline; VEGF: vascular endothelial growth factor; NSCs: neural stem cells.](NRR-9-1763-g004){#F2}

Discussion {#sec1-4}
==========

After transplantation, NSCs proliferate, migrate, and undergo self-renewal. Moreover, they differentiate into various mature neuronal cells to establish correct synaptic connections with the host neuronal cells, form ion channels, replace both injured and necrotic neuronal cells, and reconstruct neural circuits (Huang et al., 2004; Schänzer et al., 2004). Therefore, NSCs contribute to brain damage repair. For acute and subacute stages of neonatal brain injury, treatments aim to provide neuroprotection, and for the chronic stage, neurorestoration has been applied (Mibel and Cesar, 2013). Transplanted NSCs secrete essential factors that promote myelin formation and anti-inflammatory cytokines that inhibit autoimmune reactions. These secreted factors help damaged neurons to restore normal morphology, promote formation of the extracellular matrix, inhibit neuronal apoptosis, and promote the functional restoration of the nervous system (Park et al., 2006). Genetically-modified NSCs carrying exogenous genes which are transplanted into the brain can effectively express the target gene, thus combining the benefits of stem cell transplantation and gene therapy (Hwang et al., 2009).

VEGF is a cytokine that induces angiogenesis, promotes the proliferation of endothelial cells, and also acts directly on neuronal cells as a neurotrophic factor promoting regeneration (Wang et al., 2007; Lee et al., 2010). Application of exogenous VEGF to the brain surface of rats with transient ischemia reduced infarct volume, and alleviated brain edema and neuronal injury within 24 hours (Hayashi et al., 1998). Endothelial cells have been shown to generally proliferate a few days after ischemia, with neovascularization occurring a few months later (Jin et al., 2002; Ma et al., 2011).

Early in ischemia-reperfusion, VEGF is more conducive to neurogenesis than angiogenesis (Zhang et al., 2011). Furthermore, VEGF plays a neuroprotective role in the acute phase of ischemia (Zachary et al., 2005; Jin et al., 2006). Prior to the formation of new blood vessels, VEGF directly affects nerve tissue, which helps to prolong cell survival until new blood vessels form. Moreover, it reduces brain edema and neuronal damage after cerebral ischemia-reperfusion.

In the acute phase of cerebral ischemia-reperfusion, rapid expression of VEGF may not primarily serve to promote angiogenesis but may be neuroprotective, thereby shielding the cells from ischemic damage (Matsuzaki et al., 2001; Zachary et al., 2005). Findings from some studies suggest that VEGF has a direct neuroprotective effect on neurons, which is independent of angiogenesis (Jin et al., 2002; Ma et al., 2011).

The newborn brain is still at the developmental stage and its NSCs have a powerful capacity for proliferation and differentiation. Therefore, the transplantation of NSCs carrying the VEGF gene has a broad therapeutic potential in newborn rats with cerebral palsy (Park et al., 2006). These authors evaluated the therapeutic efficacy of VEGF-transfected NSCs for the treatment of cerebral palsy in newborn rats.

Our results revealed that the expression of VEGF was higher in the cerebral palsy group compared with control, suggesting that brain hypoxia and ischemia increases the level of VEGF. The number of VEGF-positive cells was significantly higher in both VEGF + NSCs and NSCs groups compared with both the cerebral palsy and PBS groups, indicating that transplantation of NSCs alone or VEGF-transfected NSCs can enhance the level of VEGF in the cerebral cortex. VEGF-positive cells were higher in the VEGF + NSCs group compared with the NSCs group, suggesting that VEGF-transfected NSCs further elevated VEGF. Taken together, our findings demonstrate that VEGF-transfected NSCs effectively increase VEGF protein levels.

In the radial arm water maze task, rats of both the cerebral palsy and PBS groups spent a prolonged period of time searching, had higher error rates, and a higher number of repetitions. These results indicate that hypoxia-ischemia impairs spatial learning and memory. Compared with both the cerebral palsy and PBS groups, rats of both the VEGF + NSCs and NSCs groups reached the target faster in the radial maze, with a reduced number of errors and repetitions. This finding suggests that transplantation of transfected NSCs or NSCs alone significantly improves spatial learning and memory in the cerebral palsy model. A more significant improvement occurred in the VEGF + NSCs group compared with the NSCs group.

The holding test showed that the sensory motor functions of rats in both VEGF + NSCs and NSCs groups were significantly improved compared with both PBS and cerebral palsy groups. No significant difference was found between the VEGF + NSCs group and control group. These results indicate that sensorimotor function in cerebral palsy rats can return to a normal level after transplantation with VEGF-transfected NSCs.

Hematoxylin-eosin staining in the ischemic hemisphere of rats in both cerebral palsy and PBS groups revealed that cortical cells were arranged in a disordered manner. Cell stomata appeared shrunken, cellular structure was affected, and nuclear pyknosis was present.

Necrosis and degeneration were alleviated in both NSCs and VEGF + NSCs groups with more prominent presence of neuronal cells compared with both cerebral palsy and PBS groups. These results demonstrate that the transplantation of NSCs or VEGF-transfected NSCs improve neuronal loss and are neuroprotective.

This study shows that NSC transplantation combined with VEGF gene therapy increases VEGF protein levels, and is neuroprotective in rat brain tissue. This strategy effectively improved oxygen deprivation-mediated brain damage and long-term learning and memory function.
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